A novel multiplex PCR method was developed for simultaneous event-specific detection of four events of GM maize, i.e., DAS-59122-7, MIR604, MON88017, and MON863. The single laboratory examination of analytical performance using simulated DNA mixtures containing GM DNA at various concentrations in non-GM DNA suggested that the limits of detection (LOD) of the multiplex PCR method were 0.16ῌ for MON863, MIR604, and MON88017, and 0.078ῌ for DAS-59122-7. We previously developed a nonaplex (9plex) PCR method for eight events of GM maize, i.e., Bt11, Bt176, GA21, MON810, MON863, NK603, T25, and TC1507. Together with the nonaplex PCR method, the newly developed method enabled the detection and identification of eleven GM maize events that are frequently included in commercial GM seed used in Japan. In addition, this combinational analysis may be useful for the identification of combined event products of GM maize.
Introduction
Recombinant DNA technologies have been used in modern farming and have provided many advantages in related industries. The global area of genetically modified (GM) crops exceeded 125 million hectares in 2008, and is expected to continue to rise 1) . GM crops have been authorized for use as food and/or feed in many countries based on those countries' criteria for safety assessment.
However, consumers have demanded appropriate information and labeling for foods derived from GM crops. Thus, various labeling systems have been introduced for GM foods in many parts of the world, such as the European Union (EU)῎ 1 di#erent threshold for the adventitious commingling of GM crops, e.g., the thresholds are 0.9, 3 and 5ῌ in the EU, Korea and Japan, respectively. At the same time, many countries have been trying to implement rules for the coexistence of GM and conventional crops. Consequently, scientifically-sound GM detection methods are essential. For the detection of GM maize in foods and food materials, PCR-based detection methods, which are able to detect even small amounts of transgenes in raw materials and processed foods, have been routinely used. We have also developed simplex and multiplex qualitative PCR methods 2)ῌ7) , simplex real-time PCR methods 8), 9) and an individual kernel-based detection method including a qualitative multiplex real-time PCR 10 ), ῎ 5 . Some of these methods have been employed as o$cial analytical methods in Japan῎ 6, ῎ 7 . On the other hand, the cost and time required for GM analysis could constitute major bottlenecks in providing consumers with cost-e#ective labeling (reviewed by Rodorı ÿ guez-Lázaro et al. 11) ). Non-GM foods supply chains, however, need to be secured by a#ordable detection methods. Thus, the development of cost-and timee#ective detection methods is important to ensure freedom of choice of consumers.
Maize is the major agricultural crop to which GM technology has been applied. In Japan, sixteen transgenic events in maize and some of their combined varieties have been authorized as of 2009῎ 8 . We previously reported a nonaplex (9plex) PCR method which detects eight events of GM maize, i.e., Bt11, Bt176, GA 21, MON810, MON863, NK603, T25 and TC1507 5) . At the time the method was developed, it covered every GM maize which had been used for commercial purposes in Japan. After that, some newly authorized GM maize events, i.e., DAS-59122-7, MIR604 and MON 88017, entered commercial cultivation in the U.S. Then, we attempted to develop a new multiplex PCR method for simultaneous detection of these three events. Additionally, we included MON863 as a target in this method because the detection target of MON863 in the nonaplex PCR method was contained not only in MON 863, but also in MON88017, and the two events could not be discriminated by the nonaplex PCR method ( 1). The newly developed multiplex PCR method amplified four segments specific to the four respective GM maize events and a segment for endogenous maize starch synthase IIb (ssIIb) gene as an experimental control. Moreover, the analytical performance of the developed method was examined to see if the method would be applicable to detect relevant GM events at the threshold level of adventitious commingling, that is 5῎ in Japan or a far lower level, 0.9῎ in EU.
Materials and Methods
Maize (Zea mays) and other plant materials Dry progeny seeds of GM maize of Bt11, Event176 and GA21, and a ground sample of MIR604 were supplied by Syngenta Seeds AG (Basel, Switzerland); dry progeny seeds of GM maize of MON810, NK603, MON863, MON88017, MON863῍NK603, MON810῍ MON863, MON810῍MON863῍NK603, GA21῍MON 810, MON810῍NK603 and MON810῍MON88017 were provided by Monsanto Co. (St. Louis, MO, USA); dry progeny seeds of GM maize of TC1507, DAS-59122-7, DAS-59122-7῍NK603, DAS-59122-7῍TC1507 and DAS-59122-7῍NK603῍TC1507 were provided by Pioneer Hi-Bred International (Johnston, IA, USA). Dry progeny seeds of GM maize of T25 were directly imported. DAS-59122-7, MIR604, MON863 and MON 88017 were used as positive controls. Bt11, Event176, GA21, MON810, NK603, T25 and TC1507 were used as non-specific GM maize samples. As experimental controls, QC9651 maize (Quality Technology International, Inc. (QTI), Elgin, IL, USA), Roundup Ready ῌ (RR) soy and non-GM cereal materials, i.e., dry soybeans harvested in Ohio in 1998, rice (Oryza sativa) variety Kinuhikari, wheat (Triticum aestivum) variety Haruyutaka and barley (Hordeum vulgare) variety Harrington (harvested in Japan) were used.
DNA extraction
Seeds of GM maize, i.e., DAS-59122-7, MON863 and MON88017, and combined event products of GM maize were ground with a Multibeads Shocker (Yasui Kikai Co., Osaka, Japan) on a single-seed basis, and DNA of each kernel was extracted with the DNeasy Plant Mini kit (QIAGEN GmbH, Hilden, Germany) following the standard experimental procedure for GM analysis in foodstu#s in Japan῎ 6 . Other maize and other plant seed materials were ground with a P-14 seed rotor mill (Fritsch GmbH, Ibar-Oberstein, Germany), and used for DNA extraction. A ground flour sample of MIR604 maize was re-ground with the P-14 seed rotor mill and used for DNA extraction.
DNA extraction was performed with the DNeasy Plant Maxi kit (QIAGEN) as described in the standard experimental procedure for GM analysis in foodstu#s in Japan῎ 6, ῎ 7 . The DNA concentration of solutions was determined by measuring the UV absorption at 260 nm, and the quality of DNA solutions was evaluated in terms of the absorption ratios at 260/280 nm and 260/230 nm. DNA solutions having absorption ratios at 260/280 nm and 260/230 nm of between 1.7 and 2.0, and ῎1.7, respectively, were used for the subsequent experiments. For the examination of the analytical performance of the developed method, DNA concentrations in extracts were analyzed with the PicoGreen dsDNA Quantitation Kit (Molecular Probes, Invitrogen, Carisbad, CA, USA), using a SpectraMax ῌ M2e-TS luminescence reader (Molecular Devices, Sunnyvale, CA, USA).
Oligonucleotide primers
For primer design, we used publicly available sequence information, e.g., the DNA Data Bank of Japan (DDBJ)῎ 9 and public patent bulletins. Candidate oligonucleotide sequences for primers were designed using the Oligo TM primer analysis program (National Bioscience Inc., Plymouth, NM, USA) or the Primer Express software (Applied Biosystems, Foster City, CA, USA; ABI). Primer pairs used in this study are listed in Table 1 . The primers were synthesized by Fasmac Co., Ltd. (Kanagawa, Japan) and purified by HPLC. Each oligonucleotide was diluted to the appropriate concentration for PCR assays with sterilized water and stored at ῌ30ῐ until use.
Simplex PCR conditions
The 25 ῌL reaction solution contained 25 ng genomic DNA, 0.5 ῌmol/L each primer, 0.2 mmol/L each dNTP (ABI), 1.5 mmol/L MgCl 2 (ABI), 1῍PCR bu#er II (ABI) and 0.625 units of AmpliTaq Gold DNA polymerase (ABI). The reaction mixture was amplified in a thermal cycler, the Silver 96-Well GeneAmp PCR System 9700 (ABI) in Max mode, according to the following stepcycle program: pre-incubation at 95ῐ for 10 min; 40 cycles consisting of denaturation at 95ῐ for 0.5 min, annealing at 60ῐ for 1 min and extension at 72ῐ for 1 min; followed by a final extension at 72ῐ for 7 min.
Multiplex PCR condition
In general, the experimental conditions of PCR followed those of our previous multiplex PCR method 5) . The 25 ῌL reaction solution contained 25 ng genomic DNA, 0.2 mmol/L each dNTP, 1.5 mmol/L MgCl 2 , 1῍ PCR bu#er II, 1.25 units of AmpliTaq Gold DNA polymerase and nine sorts of oligonucleotide primers at the following concentrations: 0.50 ῌmol/L each for MON 88017-mF and MON88017-mR, 0.40 ῌmol/L each for MON863-mF and MON863-mR, 0.30 ῌmol/L for DAS 59122-7-rb1R; 0.25 ῌmol/L for DAS59122-7-rb1F; 0.15 ῌmol/L for MIR604-mF; and 0.060 ῌmol/L each for SSIIb03῍5῏ and SSIIb03῍3῏. The reaction mixture was amplified in a thermal cycler, the Silver 96-Well GeneAmp PCR System 9700, in Max mode, according to the following step-cycle program: pre-incubation at 95῍ for 10 min; 10 cycles consisting of denaturation at 95῍ for 0.5 min, annealing at 65῍ for 1 min and extension at 72῍ for 1 min; 27 cycles consisting of denaturation at 95῍ for 0.5 min, annealing at 60῍ for 1 min and extension at 72῍ for 1 min; then a final extension at 72῍ for 7 min.
Analysis of PCR product
The PCR products were analyzed by agarose gel electrophoresis performed in a 3῎ (w/v) LO3 agarose (TAKARA Bio Inc., Shiga, Japan) gel with 0.5 ῌg/mL ethidium bromide (Sigma-Aldrich, St. Louis, MO, USA). A 5 ῌL aliquot of each PCR product was electrophoresed at a constant voltage (100 V) for 30 min in 1ῌ TrisῌAcetateῌEDTA (TAE) solution consisting of 40 mmol/L TrisῌHCl, 40 mmol/L acetic acid, and 1 mmol/ L EDTA (pH 8.0) (Wako Pure Chemical Industries, Ltd., Osaka, Japan). After the electrophoresis, the gel was scanned with the Molecular Imager FX system (Bio-Rad Laboratories Inc., Hercules, CA, USA). The sequencing analysis of amplified products was performed by Fasmac Co., Ltd.
Examination of analytical performance
In order to examine the limit of detection (LOD) of the developed method, we prepared five dilution series of extracted GM maize DNA solution(s), i.e., DAS-59122-7, MIR604, MON863, MON88017 and a mixture of all of them at equal concentrations, each diluted with non-GM maize DNA solution. Extracted DNA solutions diluted to 10 ng/ῌL based on measurement with PicoGreen Kit were used as simulated samples. For the simulated samples containing one event of GM maize DNA, each GM maize DNA solution was diluted to 10῎ (v/v) with non-GM maize DNA solution, and then serially double-diluted with the non-GM maize DNA solution to make solutions containing GM maize DNA at concentrations of 5.0῎, 2.5῎, 1.25῎, 0.63῎, 0.31῎, 0.16῎, 0.078῎, 0.039῎ and 0.020῎ (v/v). We also prepared simulated samples containing four events of GM maize DNA at the same concentrations, i.e., 5.0῎, 2.5῎, 1.25῎, 0.63῎, 0.31῎, 0.16῎, 0.078῎, 0.039῎ and 0.020῎ (v/v). The lowest level of dilution, 0.020῎ (v/v), was expected to contain about 0.9 copies of maize genome haploid per sample, according to the C-value of maize 12) . Each dilution series was prepared with two independent replications for use in the examination. In addition, we examined the robustness of the developed method by detecting a target event when another target event coexisted at a higher concentration in a sample.
Results and Discussion

Primer design
In this study, we focused on three events of GM maize, i.e., DAS-59122-7, MIR604 and MON88017, as detection targets. In addition, we added MON863 to the targets, because our previous nonaplex PCR method did not distinguish between MON863 and MON88017. Detection methods for the respective events using PCR amplification have already been described by the developer companies 13)ῌ15) . However, it is not practical to simply combine these methods because the lengths of some of the amplification products are similar. Thus, we designed sets of primers for the multiplex PCR method listed in Table 1 . As shown in Fig. 1 , each primer pair was designed to amplify an event-specific segment; more specifically, one primer from each pair was designed to anneal to a terminal region of the recombinant DNA (r-DNA) and the other was designed to anneal to an endogenous genomic DNA region flanking the r-DNA. For the detection of DAS-59122-7, we employed the primer pair provided by its developer 13) . The sequence analysis of the primer pair showed that the complementary sequence to one of the primers, DAS-59122-7-rb1R, was found not only in the r-DNA of DAS-59122-7 (DDBJ accession no. CS566037) but also in the r-DNA of MIR604 (DDBJ accession no. DI57741). The sequence information indicated that this region was derived from a transformation vector plasmid DNA. Then, we applied this primer for the detection of MIR604, combined with a new primer designed on the flanking genome region (Table 1) . For the detection of MON863 and MON88017, we designed new primers specific to the respective events using publicly available sequence information (DDBJ accession no. AR 534233 and DDBJ accession no. DJ058152). We also added a primer pair specific to the ssIIb gene as an experimental control for amplification ( Table 1) . The ssIIb gene is a single copy gene in the maize genome, and the primer pair has already been used in our quantitative real-time PCR method 9) . These five primer pairs were also designed to give amplification products of di#erent lengths. In order to perform multiplex PCR, it was preferable to make the binding a$nities of all primers similar. In fact, the melting temperatures (T m ) of these primers ranged from 48.0 to 52.9῍ (GC content method) or from 62.6 to 69.8῍ (nearest neighbor method) (Table 1) . Thus, we used these primers for the multiplex PCR method, and the subsequent experiments confirmed their applicability.
Specificities of primers in simplex PCR condition
The specificities of the designed primer pairs were individually confirmed by simplex PCR assays. The DNAs extracted from each of the eleven GM maize events and from other plant materials were used as templates. As shown in Fig. 2 , all primer pairs specifically amplified products of the expected lengths from their specific targets in simplex PCR conditions. By contrast, none of these primer pairs amplified products from DNAs extracted from other events of GM maize, non-GM maize and other plant materials, i.e., soy, rice, wheat and barley (Fig. 2) . These results indicated that the developed primer pairs could be used for the detection of their respective target events not only in maize materials, but also in mixtures of maize and other cereals. Their specificity in the presence of other GM crop events, such as those of alfalfa, cotton, sugar beet, and rapeseed, should be tested in the future, though the major raw GM crops used for foods are soy and maize.
Multiplex PCR
We have already developed a nonaplex PCR method for the detection and identification of eight transgenic maize events. In order to perform two multiplex PCR methods simultaneously, the experimental conditions of the newly developed method were set to be the same as those of the previous method, except for the primers. The optimal concentrations of primers were experimentally adjusted with a simulated sample containing 10ῌ each of DNAs extracted from the four targeted GM events. The primer concentrations were determined to make the intensities of the amplicon bands nearly equi- valent on electrophoresis. Figure 3 shows a typical result of the developed multiplex PCR performed with the optimized primer mixtures. Each of the four targeted events of GM maize gave two amplifications corresponding to the relevant event-specific amplification and a taxon-specific amplification (ssIIb), while the other events of GM maize and non-GM maize gave only amplification of ssIIb (Fig. 3) . Furthermore, the simulated sample containing 10῍ each of these four events gave all five amplifications corresponding to the four event-specific amplifications and the taxon-specific amplification (Fig. 3) . We also subcloned and sequenced the amplification products, and confirmed that these were identical with their target segments (data not shown). On the other hand, the multiplex PCR gave no amplification with soy, rice, wheat, and barley samples. These results indicated that this method is able to detect and identify the four targeted GM maize events, i.e., DAS-59122-7, MIR604, MON863 and MON88017. In addition, the amplification of ssIIb is expected with every sample, including maize genomic DNA, and this may be used as an internal control to distinguish true negative results from PCR inhibition or experimental failures for maize samples.
Examination of analytical performance
To verify the reliability of the developed method, the analytical performance was examined. We prepared four serial dilutions containing a DNA solution extracted from each of the four targeted GM maize events and a serial dilution containing all of them as analytes. Preliminary tests suggested that the multiplex PCR method specifically detected samples containing 1.25῍ or more of target(s) (data not shown). Then, we prepared simulated samples containing target(s) at concentrations ranging from 0.63῍ to 0.078῍ for the examination. For the preparation of simulated samples, DNA concentration was measured with PicoGreen dsDNA reagent, which is a sensitive fluorescent nucleic acid stain for quantitating double-stranded DNA and can eliminate the e#ects caused by single-stranded nucleic acids and other impurities. Referring to previous reports῎ 10 , ῎ 11 , twenty-one independent multiplex PCR runs were performed for each kind of simulated sample, and the results were analyzed statistically ( Table 2 ). According to the ISO standard for GMO analysis methods on foodstu#s῎ 12 , the LOD value was defined as the lowest level of analytes with the false negative rate of 5῍ or less in multilaboratory collaborative evaluation. Based on the false negative rates, LODs of the developed multipex PCR method were estimated to be between 0.078 and 0.16῍ for MON863, MIR604 and MON88017, and at least 0.078῍ for DAS-59122-7 (Table 2 ). In contrast, no false positive detections were observed from non-specific targets (Table 2 ). In addition, we examined whether the multiplex PCR could detect one target event at a To examine LOD robustness, targeted GM DNA from each event at the concentrations near the LODs (indicated by ῌ) were accompanied by another target GM DNA at a much higher concentration (indicated by ῌῌ or ῌῌῌ) and subjected to detection. Two independent simulated samples (a and b) were prepared for each combination, and both results are shown. Lanes 1῍3, DNA amplification with simulated DNA mixture of 5῍ MON863 and 0.16῍ MIR604, 0.16῍ MON88017, or 0.078῍ DAS-59122-7, respectively; lanes 4῍6, amplification of simulated DNA mixture of 2.5῍ MON88017 and 0.16῍ MON863, 0.16῍ MIR604, or 0.078῍ DAS-59122-7, respectively; and lane M, 100-bp ladder size standard. Each PCR analysis was performed in duplicate, and PCR products were electrophoresed on 3῍ agarose gel.
low concentration in a sample that included another target event at a higher concentration. The results indicated that the multiplex PCR detected each target event at a concentration near the LOD, even in samples containing another target event at a concentration more than fifteen times the LOD (Fig. 4) . Although a future interlaboratory collaborative study is required for the determination of LODs, the results implied that the LODs of the developed method are around 0.1῍ for the four targeted GM maize events.
Detection of combined event products of GM maize using multiplex PCR methods The high detection specificity for the respective targets indicated that the multiplex PCR method could be used not only for qualitative screening, but also as a profiling tool for combined event products of GM maize. In fact, the preceding multiplex PCR method was able to identify the varieties of GM maize from non-identitypreserved maize samples 16) . Figure 5 shows the results of the two multiplex PCR methods for some combined event products. All the reactions specifically gave amplification(s) corresponding to the respective GM events. Because the acreages of these varieties are rapidly increasing in the United States, the combination of multiplex methods should be a powerful analytical tool for combined event products of GM maize.
Conclusion
In this study, we developed a new multiplex PCR method for the qualitative detection of four events of GM maize, i.e., DAS-59122-7, MIR604, MON863 and MON88017. The developed method was able to detect these four targeted events of GM maize with high specificity. The examination of the analytical performance suggested that this multiplex PCR would enable us to reliably amplify target DNA segments in a simulated GM mixture containing as little as 0.16῍ (v/v) of MON863, MIR604, and MON88017, and 0.078῍ of DAS-59122-7, which might be su$cient for the monitoring of their adventitious commingling. In addition, the combination of this method with the preceding multiplex PCR method should serve as a powerful profiling tool not only for simplex events, but also combined events of GM maize. For instance, a combination of these multiplex qualitative PCR methods with individual kernel-or plant-based detection methods would e$ciently give profiling data. We consider that these methods are cost-and time-e#ective detection methods which should contribute to the reduction of the cost of GM food labeling.
